Abstract The presentation of identical peptides by different major histocompatibility complex class I (MHC-I) molecules, termed promiscuity, is a controversial feature of T cell-mediated immunity to pathogens. The astounding diversity of MHC-I molecules in human populations, presumably to enable binding of equally diverse peptides, implies promiscuity would be a rare phenomenon. However, if it occurs, it would have important implications for immunity. We screened 77 animals for responses to peptides known to bind MHC-I molecules that were not expressed by these animals. Some cases of supposed promiscuity were determined to be the result of either non-identical optimal peptides or were simply not mapped to the correct MHC-I molecule in previous studies. Cases of promiscuity, however, were associated with alterations of immunodominance hierarchies, either in terms of the repertoire of peptides presented by the different MHC-I molecules or in the magnitude of the responses directed against the epitopes themselves. Specifically, we found that the Mamu-B*017:01-restricted peptides Vif HW8 and cRW9 were also presented by Mamu-A2*05:26 and targeted by an animal expressing that allele. We also found that the normally subdominant Mamu-A1*001:01 presented peptide Gag QI9 was also presented by Mamu-B*056:01.
Introduction
CD8+ T lymphocytes (CTL) are important in control of AIDS virus replication, both for controlling acute phase viremia (Borrow et al. 1994 (Borrow et al. , 1997 Matano et al. 1998 ) and for establishing low set point viremia in humans and rhesus macaques that spontaneously control viral replication (elite controllers) (Carrington and O'Brien 2003; Friedrich et al. 2007 ). Hence, recognition of virally derived peptides presented by particular major histocompatibility complex class I (MHC-I) molecules is an important event in immunity to AIDS viruses.
MHC-I molecules bind short peptides and present them at the surface of cells. These peptides can be derived either from self or non-self proteins, such as those from viruses and other intracellular pathogens. Thus, in this role, MHC-I molecules are the mediators of immune recognition of infected or altered-self (tumor) cells by circulating CTL. Each MHC-I allele encodes a molecule that binds peptides with exquisite specificity. Peptides bound by a given MHC-I molecule cluster into motifs defined mostly by conservation of amino acids at positions 2 and the C terminus (generally position 9, 10, or 11, with some exceptions) (Falk et al. 1991; Allen et al. 1998; Loffredo et al. 2007a Loffredo et al. , 2004 Mothe et al. 2002; Sette et al. 2005; Sidney et al. 2000; Vogel et al. 2002) . Several studies of the three-dimensional structures of MHC-I molecules bound to peptides show that pockets within the peptide binding region of these molecules are responsible for the existence of these "anchor" residues (Madden et al. 1992; Matsumura et al. 1992) . Because of this specificity, it is not surprising that very closely related alleles might encode MHC-I proteins with overlapping or nearly identical peptidebinding repertoires, as is the case with B*003:01:01 and B*008:01 (formerly known as B*03 and B*08, respectively) in rhesus macaques ) and alleles of the HLA-B7 supertype in humans (Leslie et al. 2006) . However, the promiscuous binding of identical peptides by molecules with either divergent binding regions or similar ones acquired through convergent evolution is a far more controversial issue in immunology.
MHC-I polymorphism is selected for by differences in peptide binding (Hughes and Nei 1988; Hughes et al. 1990 ). Thus, each MHC-I allele encodes a protein that binds unique sets of peptides. However, recent reports have shown that different MHC-I proteins can bind the same peptides in infections with HIV-1 (Frahm et al. 2007) or Mycobacterium tuberculosis (Axelsson-Robertson et al. 2010) . This is counterintuitive to our understanding of how these MHC-I molecules have evolved. While the phenomenon has been reported in HIV, there have been no reports of this in the nonhuman primate models of HIV. Here, we sought to determine the frequency of MHC-I peptide promiscuity in the simple, well-defined system of SIV-infected rhesus macaques, focusing on the defined peptide-binding repertoires of the common and important MHC-I molecules A1*001:01 and −B*017:01 (formerly A*01 and B*17, respectively).
Materials and methods

ELISPOT
ELISPOT assays were performed as previously described ). Briefly, 1×10 5 fresh or frozen PBMC, isolated from EDTA-anticoagulated blood using FicollPaque PLUS (GE Healthcare Systems, Uppsala, Sweden) and density centrifugation were added to each well on precoated ELISpot PLUS plates (Mabtech USA, Mariemont, OH, USA) and the assays were run according to the manufacturer's instructions. Tests were performed in duplicate or triplicate using individual peptides at 10 uM or serial dilutions thereof. The positive control, Con A (Sigma-Aldrich, St. Louis, MO, USA), was used at a final concentration of 5 μg/ml. Negative control wells lacked stimulation. The plates were incubated for 12-18 h at 37°C in 5% CO 2 .
Wells were imaged and spot forming cells were counted with an AID EliSpot reader version 4.0 (AID, Strassberg, Germany) and analyzed as described ). Responses were considered positive if the mean of the number of SFC was more than 50 spots per million cells, and significance was determined using a one-tailed t test where alpha=0.05, where the null hypothesis (Ho): background level ≥ treatment level.
Construction of MHC class I cDNA libraries
Total RNA was isolated from~3×10 7 cells from Blymphoblastoid cell lines (BLCL) using the RNeasy Protect Mini Kit (QIAGEN, Valencia, CA). For each animal,~3 μg mRNA was isolated from 150 μg total RNA using the Oligotex Midi Kit (QIAGEN). One microgram of mRNA from each animal served as the template for first-strand cDNA synthesis, using the SuperScript plasmid system for cDNA synthesis and cloning (Invitrogen, Carlsbad, CA) by following the manufacturer's instructions. Size-fractionated cDNA containing SalI and NotI restriction endonuclease cohesive ends was ligated into the multiple cloning site of pCMV.SPORT6 and used to transform DH5α chemically competent Escherichia coli (Invitrogen). Recombinant plasmids containing cDNA were isolated from~5×10 5 ampicillin resistant colonies and purified using the HiSpeed Plasmid Midi kit (QIAGEN). Five micrograms of plasmid DNA from each macaque's library served as the target DNA for hybridization to a 40-mer biotinylated oligonucleotide, 5′-[BIOTEG]GAGRCCAYCYTGAGRTGCTGGGCYC TGGGCTTCTACCCTG-3′. The sequence of the capture oligonucleotide was derived from a highly conserved region of the MHC class I alpha-3 domain. Of this probe, 0.5 μg was incubated with 4 μg of purified RecA protein prior to the addition of the cDNA plasmid library according to a procedure describing RecA-mediated affinity capture (Zhumabayeva et al. 1999 ). More than 150 MHC class I clones were captured and sequenced from each library. Sequencing was performed on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA). Full-length sequences of MHC class I cDNAs were obtained by using four forward and four reverse primers. The forward primers were: SP6 (5′-GGCCTATTTAGGTGACACTATAG-3′), C/ 1+ (5′-GCAGATACCTGGAGAACGGG-3′), IV (5′-GGAACCTTCCAGAAGTGGG-3′), and 3′UTR (5′-CAGGGCTCTGATGTGTCTCTCACG-3′). The reverse primers were: T7 (5′-TAATACGACTCACTATAGGG-3′), E2 (5′-CYCCACCTCCTCACATKATGC-3′), F1 (5′-CCAGGTCAGTGTGATCTCCG-3′), and G1 (5′-AT GTAATCCTTGCCGTCGTA-3′). Sequences were analyzed using CodonCode Aligner version 1.6.3 (CodonCode, Deadham, MA). MHC class I alleles were considered part of the cDNA library after at least two copies were verified by sequencing
MHC-I transfectants and restriction mapping
Transient expression of cloned MHC class I cDNA was achieved by electroporation of plasmid DNA into the MHC class I deficient human B cell line 721.221 (DeMars et al. 1985) . Briefly, 5 μg of plasmid DNA was added to 5×10 6 721.221 cells in 100 μl Nucleofector™ Solution C and electroporated using program G-16 on a Nucleofector I device (Amaxa, Köln, Germany). Transfectants were used 48-72 h post-electroporation.
MHC-I surface expression on transient MHC-I transfectants was measured by W6/32 antibody surface staining. For restriction mapping, peptides were pulsed on autologous, immortalized macaque B cell lines (positive controls), 721.221 cells (negative controls), or transiently transfected 721.221 cells. After 90 min, peptides were removed with three washes, and these presenting cells were mixed with equal numbers of antigen-specific CTL. Recognition was measured either with IFN-γ ELISPOT or with intracellular cytokine staining (ICS) measuring IFN-γ and TNF-α, 24 h later. ICS assays were acquired on a BD LSR II (BD Biosciences) and analyzed using FlowJo version 9.1 (Treestar, Ashland, OR, USA).
Viral sequencing
Viral RNA was extracted from plasma using the QIAGEN MinElute kit (Qiagen, Valencia, CA, USA) or by a guanidine thiocyanate extraction . We then used the QIAGEN One Step RT-PCR kit to amplify regions encoding the targeted epitopes. The RT-PCR conditions for all amplicons were as follows: 50°C for 30 min; 95°C for 15 min; 45 cycles of 94°C for 30 s, 53°C for 1 min, and 72°C for 150 s; and 68°C for 20 min. Cycling ramp rates were 2°C per second. Amplicons were purified for sequencing using ExoSAP-IT® (USB Corporation).
Both strands of each amplicon were sequenced on a 3730 DNA Analyzer (Applied Biosystems, Carlsbad, CA, USA) using DYEnamic ET Terminators (GE Healthcare, Uppsala, Sweden) and their respective RT-PCR primers. The sequencing cycling conditions for all amplicons were as follows: 30 cycles of 95°C for 20 s, 50°C for 15 s, and 60°C for 1 min. Sequences were assembled using CodonCode Aligner version 3.7.1 (CodonCode Corporation, Deadham, MA, USA). DNA sequences were conceptually translated and aligned to wild-type SIVmac239 in MacVector 11.1.1 trial version (MacVector,Inc, Cary, NC, USA).
Results
We showed previously that the rhesus macaque MHC-I molecules A1*001:01 and B*017:01 each bind multiple epitopes derived from SIV (Allen et al. 1998 (Allen et al. , 2001 Mothe et al. 2002) . Further, we and others have shown that expression of these molecules is correlated with vaccineinduced [A1*001:01 ] and spontaneous [B*017:01 (Maness et al. 2008; Yant et al. 2006 )] control of SIVmac239. It is possible that understanding the mechanisms of control of viral replication will involve understanding the nature of the interactions between these MHC-I molecules and the epitopes they bind. In this study, we sought to identify rhesus macaque MHC-I molecules that present SIV-derived peptides identical to those associated with these two MHC-I molecules.
To identify promiscuous peptides derived from SIV, we screened 48 A1*001:01-negative, SIVmac239-infected rhesus macaques for responses to 14 SIV-derived peptides meeting two criteria. First, the peptides were known to bind the A1*001:01 molecule. Second, responses against the peptide must have been detected in A1*001:01-positive, SIVmac239-infected animals in previous studies (Allen et al. 2001 (Allen et al. , 1998 . These animals were predominantly of Indian origin, but a small number were either of Chinese or of Indian/Chinese mixed origin. Only two A1*001:01-negative animals made detectable responses to these peptides (Table 1) . However, these results were intriguing because responses against both of these epitopes are potentially important. Specifically, responses against the immunodominant Gag CM9 (CTPY-DINQM) epitope have been associated with vaccine-induced 
control of subsequent SIV challenge (Barouch et al. 2002) . This control could be due to fitness costs associated with viral escape from this epitope (Friedrich et al. 2004a, b) . Further, CTL directed against the Gag QI9 epitope (QNI-PIVGNI), normally subdominant relative to other A1*001:01-bound epitope-directed responses, were recently shown to exhibit distinct kinetics of recognition of infected cells, perhaps due to unique processing requirements of this peptide (Sacha et al. 2008 ). Next, we screened 55 SIVmac239-infected, B*017:01-negative animals for responses to 13 peptides that met the same criteria for this molecule (known to bind the B*017:01 molecule and positive responses detected in animals positive for the allele (Maness et al. 2007; Mothe et al. 2002)) . Surprisingly, we detected positive responses against 5 of the 13 peptides, with some peptides eliciting responses in multiple animals and some animals responding to multiple peptides ( Table 2) . One of the animals, r95003, responded to two of these five peptides (Vif HW8, which binds B*017:01 with an IC 50 of 2.9 nM (Maness et al. 2008 ) and the alternate reading frame-derived cRW9, which binds with an IC 50 of 32nM (Maness et al. 2007) ). cRW9 is derived from an alternate reading frame product translated from the Env-encoding mRNA ). This product of translation encodes several CTL epitopes (Maness et al. 2010) . We showed previously that responses against Vif HW8 and cRW9 were among the five most immunodominant B*017:01-restricted responses during SIVmac239 infection (Maness et al. 2008) . B*017:013-positive macaques, however, targeted the other three epitopes (Vif CY9, Env LF11 and Env LY10) much less frequently.
True epitope promiscuity addresses the binding of identical peptides by distinct MHC-I proteins. Hence, we tested PBMC from responding animals using serial dilutions of peptides representing the previously mapped epitope and slight derivations of it, including or excluding one or two amino acids on the C or N terminus. The optimal peptide was found to be identical to the previously mapped peptide in all cases but one (data not shown and Fig. 1 ). The strong positive response detected against the Gag CM9 peptide in a A1*001:01-negative macaque was found to be against a peptide 11 amino acids long, incorporating the CM9 peptide in addition to two amino acids on the C terminus (Fig. 1a) , while the dilutions demonstrated that A1*001:01-positive animals respond strongest to the CM9 peptide (Fig. 1b, c) . Although this result is intriguing, and understanding the effects of such a strong response against a region of the viral Gag protein known to be under functional constraints will be important, it indicates that this is not a case of MHC-I promiscuity and was excluded from further analysis in this study. However, the Gag QI9 peptide, bound by A1*001:01 and another unknown molecule and all five of the B*017:01-bound peptides were subjected to further analysis because they met the criteria of promiscuity.
We next needed to verify that the peptides we had identified as promiscuous were mapped to the correct MHC-I molecule in previous studies. The Gag QI9 peptide was indeed presented by A1*001:01 in animals expressing this molecule, as evidenced by the binding of MHC-I tetramers folded with this peptide to CTL specific for the epitope (data not shown). In addition, the Vif HW8 and cRW9 were verified as being B*017:01-restricted [ (Maness et al. 2008 ) and data not shown)]. However, the other three putatively B*017:01-restricted peptides recognized in B*017:01-negative animals (Vif CY9, Env LF11 and LY10) were never tested for restriction with MHC-I transferents, and tetramers were never folded with these peptides (Mothe et al. 2002) , likely because they are rarely recognized by B*017:01-positive animals (Maness et al. 2008) . To test whether these three epitopes are presented by B*017:01 in animals possessing this allele, we expanded T cell lines against the peptides from a B*017:01-positive, SIVmac239 infected macaque. Unfortunately, we could not expand T cells recognizing the Env LY10 peptide. T cells against the other two peptides were successfully expanded in vitro, and we were able to test whether they recognized the peptide bound to the B*017:01 molecule when stably expressed in K562 cells, which do not express MHC-I Responses were considered positive if they were more than 50 spots per million cells and were determined using a one-tailed t test and alpha=0.05, where the null hypothesis (Ho): background level ≥ treatment level a Animal r95003 responded to both Vif HW8 and ARF RW9 as was reported previously (Maness et al. 2007) molecules. We found that neither the Vif CY9 nor the Env LF11 peptides were presented by B*017:01 in this animal, while a T cell line against the verified B*017:01-restricted Nef IW9 peptide was presented by B*017:01 (Fig. 2) , indicating that the Vif CY9 and Env LF11 peptides are not presented by B*017:01 in SIV-infected animals. We did not determine the actual restricting MHC-I molecule for these peptides. The possibility exists that the Env LY10 peptide is indeed presented by B*017:01 in infected animals. However, this is unlikely due to the relatively high fraction of B*017:01-negative animals responding to Env LY10 and its poor binding coefficient to the B*017:01 molecule (IC50= 439 nM), which is just below the threshold to be considered physiologically relevant (Sette et al. 1994) .
After controlling for non-identical peptides and peptides that are not presented by the MHC-I molecule they were originally found to bind, we were left with 3 SIVmac239-derived peptides that met our criteria for promiscuity. We next conducted experiments to determine the MHC-I molecules that actually present these peptides in animals that did not express the original presenting molecule. We first sought to determine the full complement of MHC-I alleles present in these animals using RecA capture of cDNA libraries, using oligos designed to capture all MHC-I alleles extracted from cells from these animals. The products of these experiments are full-length, directionally cloned cDNAs that can be transfected into MHC-I null cells to determine restriction. Both rh2256 and r95003 expressed a multitude of MHC-I alleles (Table 3) , typical of the immense complexity of the MHC-I loci in macaques (Otting et al. 2005; Wiseman et al. 2009 ).
All of the alleles expressed by animal rh2256, which recognized the Gag QI9 peptide, were typical of Chinese ancestry (Karl et al. 2008; Otting et al. 2008) . In contrast, animal r95003 expressed rhesus alleles indicative either of ancestral admixture or of purely Chinese ancestry. One Mamu-A allele in this animal, A2*05:26, has been detected in animals of both Chinese and Burmese origin (Doxiadis et al. 2011; Otting et al. 2007 ). Another A4*14:03:01 has been detected in animals of Burmese, Chinese, and Indian origin macaques (Doxiadis et al. 2011; Karl et al. 2008; Otting et al. 2005 ). In addition, several Mamu-B alleles expressed in this animal, including B*036:02 and B*037:01, were originally identified in animals of Chinese Fig. 2 Putatively promiscuous epitopes in B*017:01-negative animals. We expanded CTL lines against the peptides in vitro and tested for restriction by B*017:01 using K562 cells stably expressing this molecule or another molecule used as a negative control. A line against the Nef IW9 peptide was used as a positive control. Using intracellular cytokine staining measuring IFN-γ and TNF-α production as a measure of recognition of the peptide bound to B*017:01. Yaxis, the percentage of the maximum cytokine production for each CTL line is plotted. Positive sign is with peptide and negative sign is without peptide to establish background for each cell line ancestry (Karl et al. 2008; Otting et al. 2007 Otting et al. , 2008 , while the alleles B*001:01:01, B*007:02, and B*030:02 are found in animals of either Indian or Chinese ancestry (Karl et al. 2008; Otting et al. 2005) . Together, these data suggest a Chinese ancestry for animal rh2256 and either a full or partial Chinese ancestry for animal r95003. The cDNA clones isolated from the typing experiments were next used to determine restriction of the promiscuous peptides. We tested whether CTL lines specific for each of the peptides could recognize peptide-pulsed 721.221 cells transfected with each of the cDNA clones. Our results clearly show that, in animal rh2256, the Chinese molecule B*056:01 was responsible for presenting the Gag QI9 peptide to T cells (Fig. 3a) . Further, we found that the Chinese molecule A2*05:26 presented both the Vif HW8 and the cRW9 peptides to T cells in this animal (Fig. 3b, c) .
We next aligned the α1 and α2 domains of the MHC-I molecules responsible for presenting identical peptides. We reasoned that, despite substantial sequence variation overall, conserved residues in the B and F pocket residues, responsible for anchoring the bound peptides into the MHC-I groove, might be conserved between the molecules. We identified sequence similarity in key residues in both the B and F pockets between A1*001:01 and B*056:01 (Fig. 4a, blue and red shaded residues) . Intriguingly, however, all of the F pocket residues deemed to be key for peptide binding were identical between the molecules. More experiments will be necessary to determine whether All allele identifications and nomenclature are from http://www.ebi.ac. uk/ipd/mhc/nhp/nomen_mamu.html, except "d", which is from NCBI (accession EF581085) a Alleles known to be expressed in macaques of Chinese origin (Karl et al. 2008; Otting et al. 2007 Otting et al. , 2005 Otting et al. , 2008 b Alleles known to be expressed by macaques of both Indian and Chinese origin (Karl et al. 2008) c Alleles known to be expressed by macaques of both Chinese and Burmese origin (Doxiadis et al. 2011) We expanded CTL lines in vitro against the promiscuous peptides and tested for restriction using MHC-I-null 721.221 cells transfected with plasmids encoding each of the MHC-I molecules expressed by each animal, as identified by RecA capture of cDNA libraries. IFN-γ ELISPOT was used to determine reactivity. For simplicity, shown are only the mock-transfected (no DNA), non-transfected autologous BLCL, the molecule found to present the peptide and an example of a molecule that did not present the molecule. The Gag QI9 peptide was presented by B*056:01 in animal rh2256 (a); the Vif HW8 (b) and cRW9 (c) peptides were presented by A2*0526 in animal r95003. MHC surface expression was allele-specific and ranged from 5% to 30% in these assays (not shown) this similarity is responsible for overlapping peptidebinding repertoires. Surprisingly, the same relationship was found between B*017:01 and A2*05:26 (variation in the B pocket and identity in the F pocket, Fig. 4b ). It is not known whether this convergent evolution is responsible for the promiscuity seen in this study. Together, these alignments show that substantial differences can exist within key residues in the peptide-binding residues of MHC-I molecules and yet the molecules can have overlapping peptidebinding repertoires. Finally, we were interested in comparing the in vivo dynamics of the CTL responses directed against the epitopes as presented by their newly identified presenting molecules. Acute samples were not available for animal r95003, so this analysis was restricted to animal rh2256, which presented the Gag QI9 peptide via the B*056:01 molecule. We tested samples from several time points throughout infection, ranging from day 0, the day of viral challenge, to past week 20. This response was immunodominant at week 2 and was maintained at a high level before waning by week 20 post-challenge (Fig. 5, orange line) . In contrast, the dynamics of the CTL response directed against the Gag QI9 peptide show a much more fleeting pattern in 6 A1*001:01-positive animals used as vaccine-naïve controls in a recent vaccine experiment (Wilson et al. 2006) (Fig. 5, blue lines) . The Gag QI9 response in these animals was of variable magnitude but tended to be strong in very early infection and rapidly dropped below the limit of ELISPOT detection. However, the limited sample size in this study precludes drawing generalized conclusions about the immunodominance of CTL against Gag QI9 in B*056:01-positive animals.
We also wished to determine the patterns of viral evolution in the epitopes targeted and to compare them with the well-studied patterns in animals expressing A1*001:01 and B*017:01. We sequenced the portion of the SIV gag gene that encodes QI9 from viral RNA from several timepoints throughout infection in animal rh2256. Fig. 4 Alignments of the peptide binding regions (a1 and a2 domains) of molecules that present promiscuous peptides. A1*001:01 aligned to B*056:01, which both present the Gag QI9 peptide. a B*017:01 aligned to A2*05:26, which both present the Vif HW8 and cRW9 peptides. Open blue boxes, B pocket residues. Shaded blue boxes, B pocket key residues. Open red boxes, F pocket residues. Shaded red boxes, F pocket key residues weeks post infection SFC/10^6 PBMC Fig. 5 In vivo kinetics of the Gag QI9 response in animal rh2256 and six A1*001:01-positive animals used as vaccine-naïve animals in a recent vaccine study (Wilson et al. 2006) . IFN-γ ELISPOT was used to measure the magnitude of the response at timepoints ranging from day of infection (week 0) to more than 40 weeks post-infection. Responses were considered positive if they were more than 50 spots per million cells and were determined using a one-tailed t test and alpha=0.05, where the null hypothesis (Ho): background level ≥ treatment level We did not observe any variation in this epitope throughout infection (data not shown). Likewise, we have never seen variation in the QI9 epitope in more than 20 A1*001:01-positive animals, implicating strong functional constraints on this region of the Gag protein. We also sequenced the regions of the SIV genome ecoding the A1*001:01-restricted Gag CM9 and Tat SL8 epitopes to determine whether this animal had targeted them, resulting in viral escape. No sequence variation was observed in either epitope. Likewise, neither of these peptides were recognized by this animal in our ELISPOT assays. Together, these data imply this animal did not target these epitopes. These data indicate that although A1*001:01 and B*056:01 have overlapping peptide-binding repertoires, they are not identical and likely do not share immunodominance patterns.
We also sequenced the regions of the viral genome that encode the Vif HW8 and cRW9 epitopes in animal r95003. In this case, viral variation was observed in both epitopes. Surprisingly, the variation we found was identical to the typical patterns of viral escape from these responses in B*017:01-postive animals. Specifically, we found a position 1 change from H to Y in the Vif HW8 epitope and a position 9 change from W to R in cRW9 (Fig. 6 ). These changes were reported previously when the cRW9 epitope was initially discovered (Maness et al. 2007) . Although the Vif HW8 and cRW9 epitopes are among the five most commonly targeted in B*017:01-postive animals (Maness et al. 2008) , they are generally less dominant than the other three, Nef IW9, Nef MW9, and Env FW9, in which sequence variation is observed in essentially every SIVmac239-infected, B*017:01-postive animal. Animal r95003 did not target any of these epitopes in our initial screen. However, to determine if this animal might have targeted without detection, we sequenced the regions of Nef and Env encoding these epitopes. No variation was observed. Again, these data indicate that while B*017:01 and A2*05:26 have overlapping peptide-binding repertoires, they are not identical, and do not share the same immunodominance hierarchies. Taken together, our data indicate that MHC-I epitope promiscuity is a real phenomenon but is not commonly observed in SIVmac239 infected rhesus macaques.
Discussion
Among the most striking features of MHC-I biology is diversity, both within and between individuals. The MHC-I genes are among the most polymorphic known and the differences between MHC-I molecules map largely to the regions known to interact with their peptide antigens (Hughes and Nei 1988; Hughes et al. 1990 ). This implies strong historical selection for the ability to recognize a broad repertoire of pathogens or of epitopes within particular pathogens or both. Understanding how specific MHC-I molecules interact with pathogen-derived epitopes, such as those derived from HIV and its simian counterpart, SIV, is important in the search for vaccines that elicit CTL responses against these viruses.
Here, we report two MHC-I molecules that present peptides to CTL typically associated with other, unrelated molecules in the same species, Macaca mulatta. Interestingly, we found that an MHC-I molecule in macaques of Chinese ancestry, A2*05:26, presented peptides presented typically by the important MHC-I molecule B*017:01. B*017:01 is one of two macaque alleles with strong associations with elite control of viral replication, along with B*008:01 (Loffredo et al. 2007b; Yant et al. 2006) . The A2*05:26-positive animal in this study, r95003, did not exhibit elite control of SIV replication. However, since the majority of animals possessing elite control-associated alleles do not control virus, it cannot be determined whether targeting of epitopes presented by A2*05:26 can result in low viral loads or elite control of SIV replication. These results are also intriguing because a close relative of B*017:01, B*017:02 is known to exist in macaques of Chinese origin. As Chinese macaques become a more common model organism for the study of HIV and anti-HIV vaccines, it will be interesting to see if either B*017:02 or A2*05:26 have beneficial influences on viral dynamics in these animals.
The presentation of peptides normally associated with the elite controller molecule B*017:01 by A2*05:26 is intriguing because the A2*05 family of alleles is one of the most polymorphic and frequently detected in macaques of related species (Wu et al. 2008) . In fact, nearly every animal in our colony, of either Indian or Chinese origin, has at least one A2*05 allele. However, based on our ELISPOT data, it appears that the vast majority of these very closely related molecules do not present peptides normally associated with B*017:01. To test this, we examined whether 721.221 cells expressing the very closely related molecule, A2*05:29, could present either Vif HW8 or cRW9 to CTL expanded from r95003 against these peptides. No reactivity was seen (data not shown). It is not clear if this lack of reactivity is due to changes in residues that interact with the peptides or with the T cell receptors of the CTL. In either case, it is an important observation that very closely related alleles could have such divergent peptide presentation abilities. This result has important implications for the diversity of epitopes targeted by infected individuals.
The presentation of the Gag QI9 peptide by the B*056:01 molecule, also of Chinese origin, is also intriguing. This peptide exhibits unique epitope presentation dynamics relative to other peptides encoded by the gag gene product (Sacha et al. 2008 ). This peptide was targeted by immunodominant CTL as early as 2 weeks post-viral challenge in both A1*001:01-positive animals and in the B*056:01-positive animal in this study. However, the response was detected for much longer when presented by B*056:01, despite no difference in viral variation. This difference might indicate differences in relative peptide binding or it might indicate a lack of competition for MHC-I binding with more dominant A1*001:01-bound peptides such as Gag CM9 and Tat SL8, which were not targeted by our B*056:01-positive animal.
To our knowledge, our serendipitous discovery of SIV epitopes presented by MHC-I molecules of Chinese origin is the first example of mapped SIV-derived epitopes in these increasingly important animal models of HIV infection. A tetramer with an SIV peptide was recently folded with a Chinese origin MHC molecule (Ouyang et al. 2009 ), but actual immune responses against this peptide were not identified, though their existence can be inferred. Although peptide-binding motifs have been studied in Chinese MHC-I molecules (Solomon et al. 2010) , and several investigators have examined the viral replication kinetics of SIV-infected Chinese origin animals (Joag et al. 1994; Marthas et al. 2001; Trichel et al. 2002; Ling et al. 2002; Burdo et al. 2005) , few or no studies have examined, in detail, the immune repertoires and subsequent viral evolution in these animals. We examined 77 animals for the ability to target peptides bound by molecules they did not express. Of these, very few were of Chinese origin, yet the only two cases of true promiscuity were identified in one animal of complete Chinese origin and one that was either a mixture of Indian and Chinese ancestry or of pure Chinese ancestry. These data imply that promiscuity is the result of convergent evolution of the ability to recognize identical peptides in geographically separate populations of the same species, while it was not observed between alleles of the same geographic origin.
The exquisite specificity of MHC-I:peptide interactions has led many to suppose that only very closely related molecules can present identical peptides, despite recent reports of a high frequency of such interactions (Frahm et al. 2007; Axelsson-Robertson et al. 2010 ). Though our results do not directly contradict such findings, they do indicate that cases of true promiscuity in immunity to SIV are less common than one might suppose. They also indicate that cases of "false positives", supposed cases of promiscuity that are the result of incorrect mapping either of epitope identity or of restricting MHC-I molecule, are actually more common in immunity to SIV than are true cases. However, cases of true promiscuity were identified and might have important implications for future use of macaques in preclinical HIV studies.
